This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting galley proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. orthopaedic use, it is of vital importance that the attributes of these CPC's are not compromised by irradiation sterilization. Therefore, the aim of this study is to determine the influence of irradiation sterilization on a range of premixed CPC's, with an emphasis on improving product shelf life through the use of optimal packaging configurations and annealing steps. Electron spin resonance (ESR) confirmed the presence of free radicals in the inorganic phase of the CPC paste following irradiation. The inclusion of a 24-hour annealing step was the only successful method in reducing the degree of free radical formation. Based on the results of injectability force testing, it was revealed that an annealing step greater than 24-hours significantly altered the viscosity, however; at 24-hours the key attributes of the CPC paste were minimally effected. Overall, it was established that vacuum packing the CPC paste, placing the contents into a foil pouch, gamma irradiating at the minimal dose required and using an annealing step of ≤ 24-hours, has the potential to extend the shelf life of the cement.
Introduction
Since the development of calcium phosphate cements (CPCs) in the 1980s by Brown and Chow (Brown and Chow, 1983) and Le Geros et al. (LeGeros et al., 1982) , CPCs have achieved clinical acceptance as a valuable bone substitution biomaterial due to their excellent biocompatibility, osteoconductivity and cell mediated remodelling characteristics in-vivo (Dorozhkin, 2012; Kanter et al., 2014; Ohura et al., 1996; Ooms et al., 2003; Verron et al., 2014) . In general, CPCs are developed using a combination of fine calcium orthophosphate powders, which upon mixing with an aqueous solution form a liquid or pasty matter. Once the CPC powders and aqueous solution come into contact, the setting reaction initiates and the material fully hardens over a period of time as a result of dissolution and precipitation processes. Upon completion of the reaction, two end products called hydroxyapatite (HA) or brushite (dicalcium phosphate dehydrate -DCPD) can form depending on the composition of the initial formulation (Dorozhkin, 2008) .
Conventional powder/liquid CPCs have demonstrated some concerns due to their handling properties and the high level of inconsistency during preparation. CPC pastes must be prepared just before implantation, as the setting process initiates once the powder comes into contact with water (Catalano et al., 2007; LeMaitre et al., 2008) . Furthermore, the CPC paste must be placed within a prescribed time by the surgeon, otherwise this will compromise the optimum performance of the material. With clinicians working against the clock, this can add to stress and potentially induce human error if the CPC mixture is not homogeneous (Xu et al., 2007) . One of the primary factors that is known to influence the mechanical performance of a cement material is clinical variability. It has been reported that the hand mixing of cement by different clinical operators can influence the mechanical strength of the cement end product (Fleming et al., 1999; Grover et al., 2008) and therefore, impact the implant performance (Ginebra et al., 2010; Xu et al., 2007) . Additionally, it has been shown that the handling of cement can affect the intrinsic properties of surgical gloves worn in the operating theatre by clinicians. This can lead to micro or macro perforations putting both the patient and operating room personnel at risk of contamination (Abdulkarim et al., 2015) .
To overcome these challenges, premixed CPC pastes have been developed and commercialised. In particular, with regards to the preparation as this is performed under wellcontrolled conditions, which improve the performance of the cement and avoids the powder and liquid mixing by the clinician during surgery (Carey et al., 2005; Han et al., 2009 ).
Premixed CPCs are formulated to stabilise the various calcium phosphates and necessary reactants as separated powder, liquid or paste like components. At point of care the constituents of the CPC are combined, mixed homogenously and delivered. The setting reaction begins immediately and depending on formulation, over a period of time the CPC transforms to a biomaterial that is either apatite (HA, calcium deficient hydroxyapatite (CDHA)) or brushite (DCPD) in nature. The setting reaction will either be hydrolytic or acidbase in nature, again depending on the original formulation (Dorozhkin, 2008; Ginebra et al., 2012) . Although a number of approaches have been used to develop suitable premixed CPCs (Aberg et al., 2010; Bohner et al., 2015; Chow and Takagi, 2007; Heinemann et al., 2013; LeMaitre et al., 2008; Takagi et al., 2003) , there are very few commercially available at this moment in time. This is due to shelf-life stability, limited reactivity, price, phase separation during storage and sterilization (Habraken et al., 2016) .
During sterilization by ionizing radiation undesirable changes can transpire due to the formation of free radicals with the severity of these changes being primarily dependent on the composition of the CPC. As such, it is critical to determine that the unique characteristics of these premixed CPC's are not detrimentally damaged by sterilization. For example, Lewis and Mladsi (Lewis and Mladsi, 1998) revealed that their acrylic polymer sterilized by gamma irradiation had significantly lower molecular weight and fatigue resistance in contrast to ethylene oxide sterilization. Photo-oxidative degradation resulting from gamma irradiation of implant grade ultra-high-molecular-weight polyethylene (UHMWPE) and subsequent thermal stabilisation techniques have been described by Collins et al and Dalton et al. (Collins et al., 2013; Dalton et al., 2014) . Zahraoui and Sharrock (Zahraoui and Sharrock, 1999) reported a noticeable drop in the viscosity of an injectable composite calcium phosphate bone cement that included a copolylactic binder following irradiation. They determined that the drop in viscosity was due to a decrease in molecular weight as a result of polymer scission under hydrolytic conditions (Zahraoui and Sharrock, 1999) . Although calcium phosphates are widely used in various medical applications, very limited studies have been performed on the effects of radiation sterilization on the properties of CPC powders and their derived cements.
In addition, there is very limited work available on addressing the real possibility to handle, inject or store these premixed CPCs. Han et al. (Han et al., 2009 ) and Chow and Takagi (Chow and Takagi, 2006) indicated the importance of protecting the paste from the environmental moisture. Again little attention has been paid to the problems that exist with the presence of water impurities in the non-aqueous liquid and/or the powdered solid as the water impurities can compromise the stability of the paste (Ginebra et al., 2010) .
Therefore, the present study aims to quantify the effects of electron beam and gamma radiation on the physicochemical behaviour of a novel premixed CPC. An annealing step was considered post irradiation in order to determine the efficacy of reducing/eliminating free radicals generated in the CPC composition, thus, enhancing its stability. Furthermore, the present study summarises the efforts to improve the shelf life of the bone cement through the use of original packaging configurations. For example, using oxygen and moisture free environments to reduce the free radicals generated during radiation sterilization and to provide containment during storage.
Materials and methods

Material preparation
Calcium phosphate cements were prepared from alpha-tricalcium phosphate (α-TCP) (Ca 3 (PO 4 ) 2 ), dicalcium phosphate anhydrous (DCPA) (CaHPO 4 ), calcium carbonate (CaCO 3 ) precipitating hydroxyapatite, similar to the formulation developed by Heinemann and coworkers (Heinemann et al., 2013; Khairoun et al., 1997) . The dry powders were mixed in an agate ball mill (Pulverisette 5, Fritsch, Germany) with 30 g agate balls (Fritsch) at 200 rpm for 45 min. Particle size distribution of the resulting CPC powder was determined using a laser particle sizer system (Analysette 22, Fritsch). The CPC paste contained the aforementioned powders, with the addition of finely ground K 2 HPO 4 in an oil base suspension (synthetic short chain triglyceride with 8-12 C saturated fatty acids) at a specified powder/oil phase ratio. The oil phase contained two surface-active agents, castor oil ethoxylate and hexadecyl-phosphate. CPC powder and oil phase were mixed in a stainlesssteel mixer (Stephan Mischer, Stephan Machinery GmbH, Germany) until homogeneity.
From there the homogenised mixture was further mixed with 8 zirconia balls of 100 g each in a planetary ball mill (Pulverisette 5) for 3 h at 300 rpm (Vorndran et al., 2013) .
Containment and packaging
The CPC paste obtained from the aforementioned process was transferred into a 10 mL double barrel cartridge (Medmix, Switzerland). An aqueous solution (0.9% w/v EP sodium chloride) was filled into the smaller barrel of the double barrel cartridge, providing a 4:1 mixing ratio. Each of the samples (filled double barrel cartridges) were sealed in foil pouches prior to irradiation, where selected samples were sent to Bemis Healthcare Packaging for vacuum packing before being sealed within the foil pouch. In addition, for a selected number of samples, desiccant was placed in the foil pouch before sealing in order to reduce/eliminate oxygen and moisture with the environment during the irradiation process and shelf-life period. Clarification of the packaging configurations associated with each sample are exhibited in Fig.1. 
Radiation sterilization
Electron beam irradiation
A Mevex high energy electron beam irradiator (combined 10/12MeV unit, 20 kW) was used to irradiate the samples at a target dose of 36 kGy in an air atmosphere. The radiation dose was measured by placing dosimeters directly on the surface of the samples in the electron beam irradiator direction. The dose rate was delivered at approximately 18 kGy per pass on each side of the samples to accomplish a uniform irradiation dose (Murray et al., 2012) .
Gamma irradiation
A commercial gamma irradiator (Nordian Multipurpose Pallet Irradiator IR 173) using a cobalt 60 energy source (operated at approximately 4.5MCi) was used in this study (Murray et al., 2013a) . Dose mapping was employed to validate the optimum irradiation dose rates and the recommended processing parameters were as follows:
 25.0 kGy minimum, 26.3 kGy target: 25,584 seconds per 100,000 Curie  36.0 kGy maximum, 34.2 kGy target: 26,070 seconds per 100,000 Curie Gamma irradiation was performed on samples with a dose rate of 36 kGy in an air atmosphere, with the exception of one batch where a dose of 25 kGy was used. A dose rate of 36 kGy was utilised to examine the most extreme radiation dose possible on the samples while 25 kGy is the minimum dose required that deems a medical device sterilised with a sterility assurance level (SAL) of 10 −6 .
Annealing and real time aging
Annealing was performed to determine the efficacy of the method with regards to reducing reactive intermediates generated during irradiation. Table 1 illustrates the parameters employed for each of the selected samples, where temperature was kept at a constant i.e. 50
°C. Subsequent to the annealing step, all samples were stored for 3-month real time aging in a controlled environment with a temperature of 18 ±1 °C.
Characterisation techniques
In this study, each sample was made up of a double barrel cartridge containing a 4:1 mixing ratio of CPC paste and an aqueous solution (0.9% w/v EP sodium chloride). When both of these two components are mixed together, the setting reaction occurs instantaneously to form a cement paste that is injectable, malleable, and biocompatible. The cement reaches shape stability within 10 minutes and sets to completion over a period of several days (approx. 48-72 hours) to form microcrystalline calcium deficient hydroxyapatite. For the purpose of this work, all analytical testing was performed on the CPC paste only (before setting, without mixing in aqueous solution), as the characteristics of this component governs the key performance of the end cement product over time. However; for XRD testing only, one section of the analysis is focused on mixing the two components together (CPC paste and aqueous solution) in order to investigate the time-dependent cement setting reactions i.e. 0, 24 and 72 hours.
Electron spin resonance (ESR)
ESR analysis was performed using a continuous wave X-band Bruker EMXplus spectrometer. For absolute g-value determination, a calibration using diphenylpicrylhydrazyl (DPPH) at 0.1 mW (g = 2.0036) was executed. Prior to testing, all the non-irradiated and irradiated CPC paste samples were prepared by placing them into Suprasil quartz tubes. The filled quartz tubes were then loaded into the resonance cavity of the ESR equipment. The analysis was performed at the room temperature, with modulation amplitude of 1 G. and microwave power of 1 mW. Testing was carried out in duplicate for each batch. All CPC paste samples for ESR testing were stored in both oxygen and oxygen free environments during the three-month aging process after irradiation. The assignment of the spectra to the corresponding radicals was supported by computer simulations of the experimental spectra with the 'SimFonia' program (Bruker), where the intensities of spectra were normalised according to signal I.
X-Ray diffraction (XRD)
XRD of all batches was examined via a Philips X'Pert PRO MPD diffractometer at room temperature. CPC paste was loaded onto a sample holder and mounted into the diffractometer. The Cu Kα radiation source (λ = 0.154nm) was operated at 40kV and 40mA.
The value of 2θ ranged from 5° to 90° where the scan was conducted using a step size of 0.02°.
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)
FTIR spectra of the non-irradiated and irradiated samples were recorded with a Perkin-Elmer Spectrum One, which incorporated a universal ATR (attenuated total reflection) sampling accessory. The spectrometer contained a diamond ATR detector with a zinc selenide focusing element and had a penetration depth of 1.66 µm. All data was recorded at ambient temperature, in the spectral range of 4000 -650 cm −1 , utilising 32 scans per sample cycle at 4 cm −1 resolution and a fixed universal compression force of 80N. Each batch was tested in duplicate. Program analyses such as Spectrum and IR Mentor were used to investigate each of the peaks that emerged during the test (Murray et al., 2013b) .
Injectability force testing
Injectability force testing was performed on the non-irradiated and irradiated CPC (n =4).
This was carried out to measure the force required to dispense the paste from a double barrel cartridge and to provide an indirect result for viscosity. A Zwick Z2.5 universal testing machine with a 2.5 kN load cell was employed to conduct each test. A purpose-built jig was used to support the CPC filled double barrel cartridges during testing. For each test, a preload of 0.1 N and a crosshead speed of 60 mm/min was utilised where the crosshead extended/ travelled 14 mm for each injection i.e. two injections from each cartridge. All samples were conditioned at 22 °C for a period of 2 hours prior to testing. Two injections were performed on each cartridge where the mean of the four results from each batch were recorded.
Colorimetry
Colour measurements were performed according to ASTM D 1925 using a Lovibond RT600
sphere spectrophotometric colorimeter (n=6). Prior to testing, the instrument was calibrated by means of a calibration unit provided with the equipment (L = 94.91, a -1.01, b = +0.09).
CPC paste was loaded on to a sample holder and placed under the colorimeter detector for measurement. Samples from each cartridge were measured in triplicate. Each test provided values for Hunter L (black (0) to white (100)), Hunter a (green (-) to red (+)) and Hunter b (blue (-) to yellow (+)).The overall colour difference ( E) was established by implementing statistical analysis of the E values for L, a, and b. E was calculated by using the following formula (Perera et al., 2004) :
ΔE is expressed as the difference between the control sample and the irradiated sample colour values.
Gel permeation chromatography (GPC)
GPC analysis was performed on the extracted organic phase of the CPC paste before and after irradiation. Molecular weights and polydispersities (Mw/Mn) of the organic phase within the CPC paste samples were determined using GPC (Agilent PL-GPC150) with RI detector. The columns (2 x PL Gel 5µm, Mixed-D, 300 mm x 7.5 mm) were eluted using THF (HPLC Grade) and calibrated with polystyrene standards. All calibrations and analysis were performed at 35 °C with a flow rate of 1.0 mL/min. Sample concentration was 0.5% w/v. GPC testing was conducted on the CPC paste samples following three-month real time aging in an oxygen free environment. In addition, GPC was conducted again on the aforementioned batch, however; the samples were real time aged for a further two months in an oxygen environment.
Statistical analysis
Statistical analysis was performed on colorimetric and injectability data using a Univariate analysis with a Tukey host hoc test for multiple comparisons (IBM, SPSS version 23).
Comparisons were considered significant when p ≤ 0.05.
Results and discussion
ESR
In this study, ESR was used to quantify the level of activation energy in the CPC paste samples following the exposure of irradiation and to determine the efficacy of an annealing step over time i.e. between 0 and 168 hours, in an established effort to reduce free radicals.
Prior to performing ESR analysis on the CPC paste (synergistic mixture), each of the components in the formulation were examined individually i.e. organics and inorganics.
Based on the preliminary studies, ESR confirmed that the inorganic phase only (powder mixture) of the CPC paste, lead to the formation of paramagnetic species. Fig.2 presents the ESR spectra of the powder mixture gamma irradiated at 10 kGy at a temperature of 77 K. Subsequent to irradiation, the powder mixture was annealed using a step by step approach where the temperature was increased incrementally from 100 K to 320 K.
From the spectra presented in Fig.2 , the doublet with the largest splitting is assigned to an atomic hydrogen (g=2.002, A=50.4 mT) and this hydrogen remained stable and visible up to a temperature of 320 K. These finding are in agreement to previous work performed by Nakashima and Yamauchi (Nakashima and Yamauchi, 2005) , who detected the presence of stable hydrogen atoms in irradiated -TCP. The second signal dominating in the lowtemperature spectra (Fig.2 ) was related to spin Hamiltonian parameters A1=2.95 mT, A2=0.4 mT, g=2.0065 and this signal was visible up until 260 K. A similar signal was observed previously in low-temperature irradiated tooth enamel and this was assigned to the PO 4 2-group (Sadlo et al., 1998) . Fig.3a demonstrates the ESR spectra for four selected CPC paste samples (for clarity purposes). As anticipated, the control sample (non-irradiated) remained silent, therefore; no paramagnetic species were present. Subsequent to gamma irradiation at 36 kGy (G36), several paramagnetic species were generated where two of them dominated in the spectrum (one had a narrow singlet with axial symmetry (g  =2.0001, g ll =1.9994) while the other had a wider singlet with orthorhombic symmetry (g x =2.0031, g y =2.0017, g z =1.997)), denoted signals I and II. It is worthy to note that signal II has the same parameters as CO 2 -and this was observed in irradiated hydroxyapatites. Although the g values are the same, they differ in linewidth. Despite the differences, signal II is perhaps related to the CO 2 -radical while signal I is potentially associated with a trapped free electron in the material matrix. These results are in agreement with several other studies performed on similar materials following irradiation by ESR analysis (Chróścicka et al., 2016; MatkoviA et al., 2012; Sadlo et al., 2012) . Sample G36P24 displayed a notable decrease in the intensity of the signals in particular signal I, suggesting that the annealing step for 24 hours reduced the free radicals generated. However;
following 168 hours annealing (G36P168), the signals in the CPC paste increased and surpassed both the G36 and G36P24 samples. hours. This suggests that 24 hours is the optimum time required to reduce the free radicals generated. At 72 hours and above, the post annealing step is acting as an accelerated aging process, therefore; degrading the structure of the organic phase within the cement formulation and allowing the presence of excited free radicals to change the characteristics over time.
Other noteworthy samples were G25 and EB36 as both of these samples demonstrated larger quantities of paramagnetic species in the cement in contrast to the samples gamma irradiated at 36 kGy (G36). Overall, the optimum CPC paste samples that provided the lowest quantity of free radicals were G36 and G36P24. All samples ranged between 0.0898 and 0.0991 arb.unit/mg. Subsequent to ESR testing, all CPC paste samples for T0 were kept in the quartz tube holders and stored for a period of 3 months with free access to oxygen. Upon reaching the 3 months aging threshold, the same samples were retested with ESR and the results for this are exhibited in Fig.3c . as T3 (in oxygen for 3 months). It is apparent that the relative intensity of signal I decreased dramatically, where an 87% decrease was calculated, while signal II decreased by 48% -see Fig.3d . In Fig.3c , sample T3 (no oxygen); highlights the average ESR results achieved for CPC samples stored for 3 months without oxygen. It can be observed that the relative intensities for paramagnetic species decreased slightly between month zero and month three, for example G36 decreased from 0.0898 to 0.0797 arb.unit/mg. This indicates that the paramagnetic centers for signal I and II are relatively stable over time without oxygen, however; both signals significantly decreased in the presence of oxygen, in particular signal I.
It is worth mentioning that both types of radiation (gamma and electron beam) generate the same signals where signal II has very similar spin Hamiltonian parameters to irradiated bone or biological hydroxyapatites, the only difference is smaller linewidth. Fig.4a is the chemical composition of the CPC paste and the identified crystalline From the XRD analysis performed on the non-irradiated (control) and irradiated samples (paste only), it was clear that the identified crystalline phases for the CPC paste were significantly altered, where the degree of change was strongly influenced by the conditions used i.e. type of radiation process, radiation dose, packaging configuration, annealing etc.
XRD
Shown in
Presented in Fig.4c is an overlay of the control sample and the gamma irradiated sample at 36 kGy, respectively. Based on the results it is obvious that there is a significant increase in the intensity of all peaks following irradiation, in particular 30.8 2theta (α-TCP). This information suggests that radiation is stimulating more crystallisation to transpire within the powders present in the CPC paste. However, previous research performed by Wang et al. (Chen et al., 2013; Wang et al., 2005) , revealed that the XRD patterns did not show any significant differences between non-sterilized and sterilized (gamma radiation at 80 kGy) CPC powders. Fig.4d exhibits the results achieved for the irradiated cement paste before and after annealing. From the XRD patterns, it is clear that fewer alternations transpire in the crystalline structure when annealing is introduced. It can be observed that the cement sample with the largest annealing time post irradiation (G36P168) provided a similar crystalline pattern to the control cement sample. VAC and G36P168-DES, both of these samples were exposed to the same conditions as G36P168 with the exception of either using vacuuming packing or desiccant. For both cases, there was a noticeable increase in crystallisation and this was potentially due the lack of oxygen/moisture present in the CPC paste sample during the gamma irradiation process.
ATR-FTIR
The infrared spectra are demonstrated in Fig.5 for the non-irradiated and irradiated CPC paste samples. All α-TCP ceramics are similar and exhibit only the expected calcium phosphate bands. At approximately 1422cm -1 , there is a notable change in the intensities of the peaks and this can be assigned to hexadecyl-phosphate. Table 3 illustrates the intensities recorded for each of the CPC paste samples. As can be observed, the largest changes were detected for samples EB36 and G36, whereas the samples that provided the most favourable response were G25, G36P24, G36P168-VAC and G36P168-DES. These results suggest that annealing the CPC paste samples for 24 hours and/or having oxygen/moisture free environments offer fewer radiation induced modifications. During irradiation, free radicals such as alkyl and allyl can form where the alkyl radical can stimulate chain branching/ crosslinking, while the allyl radical reacts with the oxygen to produce hydroperoxide groups. Although, the aforementioned free radicals
were not detected by ESR, the technique did identify the presence of CO 2 -radicals and possible trapped free electrons in the inorganic matrix. There is potential that these species reacted with the organic phase of the CPC paste following irradiation. In particular, for the annealed samples as it is widely documented that for every 10 °C increase in temperature, this doubles the reaction rates. Overall, this analysis has shown that modifying the environment has the potential to reduce radiation induced changes.
Injectability force testing
The results obtained from this technique complements the aforementioned ESR results, as they provide a similar trend. An average injectability force of 11.44 N was obtained for the control samples and similar results were reported by Heinemann et al. (Heinemann et al., 2013) where an average value of 10.58 N was achieved for their CPC paste. While focusing first on samples G36, G36P24, G36P72, G36P168 (Fig.6) , it is apparent that the viscosity of the cement increased with time when comparing annealing between 0 and 168 hours, where the injectability force increased from 14.30 N to 33.38 N (p = 0.003).
Following irradiation with both processes at 25 and 36 kGy, a notable but non-significant (p ≥ 0.981)) increase was observed for the injectability force. While focusing first on samples G36, G36P24, G36P72, G36P168 (Fig.6) , it is apparent that the viscosity of the cement increased with time when comparing annealing between 0 and 168 hours, where the injectability force increased from 14.30 N to 33.38 N (p = 0.003). These results behave similar to the results achieved for ESR testing (where there was an increase in the presence of free radicals with an increase in annealing time), apart from sample G36P24 where there was a minor (non-significant) decrease rather than an increase. Again, these results indicate that the annealing step past 24 hours is stimulating undesirable changes to occur in the cement where G36P168 had a significantly higher injectability force compared to all other groups (p ≤ 0.028 for all comparisons) with the exception of G36P72 (p = 0.155). Hence, this suggests that the radiation induced trapped free radicals leads to chain branching effects and possibly the onset of crosslinking in a photo oxidised organic phase.
Another interesting sample to note was G36P168-VAC, which provided a similar injectability force result (12.30 N) as the control sample. The difference between this sample and G36P168 is that the samples were vacuum packed, therefore; no oxygen was present during the irradiation process. In addition, the packaging configuration for G36P168-VAC improved the overall sealing capabilities, thus preventing any moisture or oxygen ingress over time. It is important to note that the CPC paste sample was annealed for 168 hours and in this case (sample vacuum packed) the viscosity/ injectability force of the cement remained the same as the control CPC paste sample. From the results achieved, gamma irradiation at 25 kGy lead to fewer changes in the viscosity of the cement in contrast to gamma irradiation at 36 kGy.
Colorimetry
A spectrophotometric colorimeter was used to determine colour change in the CPC paste samples before and after irradiation according to ASTM D 1925 . The overall colour difference was established by implementing statistical analysis of the ΔE values for L, a, and b. ΔE is expressed as the difference in colour between the control sample and the irradiated sample. 
GPC
GPC analysis was performed on the organic phase of the non-irradiated, irradiated and annealed CPC paste samples. In this analytical technique, two testing phases existed whereby phase 1 samples were three-month real time aged without oxygen (no oxygen -3 month aged). The second phase used the same batch of samples, however; an additional two-month real time aging was performed in the presence of oxygen (oxygen -5 month aged). The purpose of phase 2 testing was to demonstrate the impact of introducing oxygen on the stability of irradiated CPC paste in contrast to non-irradiated CPC paste.
During GPC analysis, two peaks were detected in each of the samples (Fig.8a and Fig.8b ).
While concentrating on peak one results first (Fig.8c) , an average value of 4006 Mw was achieved for the control sample in phase one testing and this value remained similar for the control sample in phase two testing following an additional 2 months aging in an oxygen environment. This indicates that the organic phase of the CPC paste is relatively stable with or without oxygen over time before irradiation. However, after irradiation (G25, EB36 and G36) for phase one testing, the molecular weight had a notable increase suggesting that chain branching potentially occurred in the organics segment of the CPC. In relation to phase two testing for the same samples (G25, EB36 and G36), a significant reduction was revealed for the molecular weight indicating that the introduction of oxygen potentially triggered chain scission through photo-oxidative mechanisms. Furthermore, radiation induced trapped free radicals perhaps propagated the overall reaction. Subsequent to the annealing process, samples G36P24, G36P72, G36P168-DES and G36P168-VAC followed a similar trend whereby the molecular weight increased above the control sample in phase one testing and decreased below the control sample in phase two. However; for sample G36P168 the opposite was observed. For phase 1 testing, the molecular weight for G36P168 obtained a value of 3011 Mw, almost 1000 Mw less than the control sample at phase one testing. While for phase two testing, a molecular weight of 4288 Mw was obtained in contrast to 4083 Mw for the control sample. It must be noted for phase one testing that the molecular weight increased incrementally with time for samples G36P24 and G36P72. However; G36P168 decreased substantially indicating that annealing at and above 168 is potentially leading to thermo-oxidative degradation and simultaneous radiation degradation of the organic phase.
By introducing vacuum packing or a desiccant (G36P168-VAC and G36P168-DES), this reduced/eliminated the presence of oxygen, therefore; leading to an increase of molecular weight. Fig.8d exhibits the data collected for peak two. Again, the results from this peak had a very similar trend to the results from peak 1 before and after irradiation.
Conclusions
In the present study, it was demonstrated that the organic and inorganic components of the CPC biomaterial were impacted by both electron beam and gamma irradiation processes.
This work confirmed that the presence of water impurities in the non-aqueous CPC paste can compromise the stability of the material, therefore; highlighting the importance of using appropriate packaging that provides excellent moisture vapour resistance. Furthermore, it was established that the CPC paste was relatively stable in the presence of oxygen prior to irradiation. However, following irradiation a notable difference was observed in the characteristics of the CPC paste over time and these modifications were accelerated further in an oxygen environment. The presence of an annealing step greater than 24 hours significantly alters the characteristics of the CPC paste. This was most notably seen in the injectability results for sample G36P168. However, the inclusion of a 24 hours annealing step provided a desirable response, whereby the free radicals generated during irradiation were reduced yet the key attributes of the premixed CPC paste were minimally effected. Overall, the presented data has highlighted the ideal concept that has the potential to open interesting opportunities for extending the CPC paste shelf-life past 12 months. This concept involves vacuum packing the CPC paste and placing the contents into a foil pouch to offer an oxygen/moisture free environment. By doing so, this reduces radiation induced free radical reactions during and after sterilization, therefore; enhancing the stability. Furthermore, it was determined that gamma irradiating the CPC paste with the minimal dose required to deem the product sterilized (i.e. 25kGy) and using an annealing step of ≤ 24 hours, has the potential to provide the ultimate solution to extending the shelf life of these new premixed CPC materials. 
